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ABSTRACT
The discovery of gravitational-wave (GW) signals, produced by the coalescence of
stellar-mass binary black holes (SBBHs), opens a new window to study the astro-
physical origins and dynamical evolutions of compact binaries. In addition, these GW
events can be treated as the standard sirens to constrain various cosmological param-
eters. Both issues require the host identification for these GW events, with help of the
spatial resolution of GW detector networks. In this paper, we investigate the capabili-
ties of various detector networks for identifying the SBBHs’ host galaxy groups, rather
than their host galaxies, which can overcome the influence of galaxies’ proper motions
in dark matter halos for measuring the cosmological parameters. In our analysis, the
group catalog of SDSS DR7 with redshift z ∈ (0.01, 0.1) is considered as an example
of the application. We find that for the second-generation (2G) detector network, the
host galaxy groups of around (0.7−6.9) SBBHs can be identified per year assuming all
sources are 30 − 30 M binaries, and that all five detectors in the network are in lock
100% of the time. For the 3G detector network, this number becomes (3.9−40.0) yr−1.
We also investigate the potential constraint on the Hubble constant H0 by these GW
events, if their redshift information is extracted from the candidates of host galaxy
groups. We find that, by five-year’s full time observations, 2G detector network is ex-
pected to give a constraint of ∆H0/H0 ∼ (1%, 4%), which can be more than two order
smaller if considering the 3G detector network.
Key words: gravitational waves – cosmological parameters – galaxies: distances and
redshifts
1 INTRODUCTION
The discoveries of gravitational-wave (GW) signals pro-
duced by the inspiral and merger of stellar-mass binary black
holes (SBBHs) and binary neutron stars (BNSs), by ad-
vanced LIGO and Virgo collaborations (LVC) (Abbott et
al. 2016a,b,c,d, 2017a,b,c,d, 2019a), confirm the existence of
GWs, and provide a great support for the Einstein’s gen-
eral relativity. In addition, these discoveries also reveal the
existence of a large cosmic population of SBBHs. In conse-
quence, the astrophysical origins of these sources, as well as
the related abundant stellar and dynamical physics, become
one of the important tasks in the community, which could
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provide an crucial clue for the population synthesis models.
Recently, various mechanisms, in particular the one related
to the evolution of massive binary stars in galactic fields,
have been proposed to produce SBBHs (e.g., Rodriguez et
al. 2015, 2016; Mapelli 2016; Wang et al. 2016; Sasaki et al.
2016; McKernan et al. 2018; Wang et al. 2018). Since we
lack of information on SBBHs (Schneider et al. 2017), it is
very difficult to distinguish these models. In different mech-
anisms, the local environment, for instance the properties of
host galaxies, host galaxy groups or host galaxy clusters, of
the SBBH GW events are always different. Therefore, it is
anticipated that the properties of the hosts of GW sources
can be used to reveal the formation mechanisms for SBBHs
and constrain the physics involved in the SBBH formation
processes (Artale et al. 2019, 2020; Adhikari et al. 2020). For
this reason, the identifications of the host galaxies, groups
© 2020 The Authors
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or clusters of GW events by the GW and/or electromagnetic
(EM) observations are essential for this issue.
As the prime candidate sources of ground-based GW
detectors, the GW signals generated by the coalescence of
compact binaries also open a new window for the research
of cosmology. From the GW signal itself, one can measure
the luminosity distance of the binary coalescence without
having to rely on a cosmic distance ladder (Schutz 1986).
If one can also measure independently the source’s redshift,
this kind of GW events can be treated as standard siren to
measure various cosmological constant (Sathyaprakash et al.
2010; Zhao et al. 2011; Yan et al. 2020; Wang et al. 2020) or
calibrate the standard candles (Zhao & Santos 2019; Gupta
et al. 2019). The first application of this method was carried
out by LVC. On 17 August 2017, advanced LIGO and Virgo
detectors observed a GW event produced by a BNS merger
(GW170817) (Abbott et al. 2017c). Less than two seconds
after the merger, a γ-ray burst (GRB170817A) was observed
(Abbott et al. 2017d; Goldstein et al. 2017; Savchenko et al.
2017). They were emitted from the same sky area. Subse-
quently, the host galaxy of this event were confirmed to be
NGC4993 (Coulter et al. 2017; Soares-Santos et al. 2017;
Valenti et al. 2017; Arcavi et al. 2017; Tabvir et al. 2017).
Combining with the GW observation, LVC derived the first
constraint on Hubble constant from GW standard sirens
H0 = 70.0+12.0−8.0 km s
−1 Mpc−1 with 68.3% confidence level
(LIGO Collaboration et al. 2017). As mentioned, in this
method, the crucial role is to determine the redshift of the
GW events. For the GW signals produced by BNSs or NS-
BHs, the abundant EM signals will be emitted at the same
time, which are expected to be detected and used to hunt for
the EM counterparts of the GW events. Thus, the redshift
could be fixed from the EM observations. The GW170817
event is a typical example of this case. However, for SBBH
mergers, it seems difficult to find their EM counterparts.
Although many theories predict the existence of EM coun-
terparts (Mosta et al. 2010; Moesta et al. 2012; Schnittman
2011; Dotti et al. 2006), at least until now we have not ob-
served it. Therefore, we need to use other methods to find the
redshift information of the GW sources (Taylor & Gair 2012;
Messenger & Read 2012; Farr 2019; Oguri 2016; Mukherjee
& Wandelt 2018). Among them, the most natural way is to
identify the host galaxies, groups or clusters of GW events
with help of the spatial resolution of GW detectors (Del
Pozzo 2012; Chen et al. 2018; Fishbach et al. 2019; Soares-
Santos et al. 2019; Palmese et al. 2019; Abbott et al. 2019b;
Gray et al. 2019).
For a given GW event of SBBH, observed by the GW
detector network, the possibility of the host galaxy (or host
galaxy group, host galaxy cluster) identification is deter-
mined by the ability to localize the source in three dimen-
sions, i.e. the detector’s angular resolution ∆Ωs and the
depth of localization quantified by the luminosity distance
dL estimation. As well known, in addition to the signal-to-
noise ratio (SNR) of the detection, the value of ∆Ωs also de-
pends on the detector’s spatial distribution of the network,
in particular the values of the detector spacing (Wen & Chen
2010). On the other hand, the uncertainty ∆dL mainly de-
pends on the value of SNR and the inclination angle ι of the
GW event, due to the strong correlation between the param-
eters ι and dL in the data analysis (Zhao & Wen 2018). In the
near future, two more detectors will be built. They are KA-
GRA in Japan (Abbott et al. 2018a) and LIGO-India (Un-
nikrishnan et al. 2013). Together with two advanced LIGO
detectors and advanced Virgo, they will form a network of
five second-generation (2G) ground-based laser interferom-
eter GW detectors. Looking further ahead, there are two
leading proposals under consideration for the design of the
third-generation (3G) GW detectors. One is the Einstein
Telescope (ET) in Europe (Punturo et al. 2010; Abernathy
et al. 2011) and the other is Cosmic Explorer (CE) in the
U.S. (Abbott et al. 2017f; Dwyer et al. 2015). These two
detectors may come on line in 2030s. Beyond this, in 2015,
two 8-km LIGO-type detectors were proposed in Blair et al.
(2015) and Howell et al. (2017). The one would be in Aus-
tralia (denoted as AIGO detector in Blair et al. (2015) and
the other one would be in China. With these more advanced
detectors, we will be able to detect more GW events, and
the ability to locate GW sources will be greatly improved.
In this work, we will consider various networks, consisting
of the mentioned GW detectors, in the 2G and 3G eras. We
should also mention that, in addition to these detectors, var-
ious upgrades have been proposed for the advanced LIGO
detectors (Abbott et al. 2016f) leading to the proposal for
an upgrade to A+ in 2020 followed by a further upgrade to
LIGO Voyager which is envisioned to be operational around
2025. Since the noise level of this proposal is close to that
of AIGO, we will not focus on this potential detector in this
work.
If the spatial position of the GW event can be well de-
termined by GW observation, in the universe with fixed cos-
mological parameters, the candidates of its hosts are possi-
ble to be identified at a typical distance of 1 Gpc observed
by the 2G detector networks, the values of ∆Ωs can range
from several to hundreds of square degrees. Since such a
sky patch can contain thousands of galaxies, the chances of
identifying the host galaxy of a GW event from galaxy cat-
alog can be dismal. The typical examples of the application
were carried out in Fishbach et al. (2019) and Soares-Santos
et al. (2019), where the authors used the localizations of
GW events GW170817 and GW170814 respectively to iden-
tify the candidates of their host galaxies. For each event, one
can only derive the a number of candidates of its host galax-
ies, which follows a wide distribution of the event’s redshift
value. Combining with the measurement of the luminosity
distance, the authors derived the loose constraint on the
Hubble constant, which are H0 = 76+48−23 km s
−1 Mpc−1 and
75+40−32 km s
−1 Mpc−1 for GW170817 and GW170814, respec-
tively.
In order to overcome the difficulty of host galaxy iden-
tification as mentioned above, a nature choice is to consider
the larger structures in the universe, i.e. identifying the host
galaxy groups or host galaxy clusters of GW events (Macleod
& Hogan 2008). According to the current scenario of struc-
ture formation, galaxy groups are associated with cold dark
matter halos. Therefore, the halo-based galaxy group stands
for the larger physical structure, than the galaxy, in the uni-
verse. In this paper, we shall extend the idea to identify the
host groups of SBBHs by utilizing the GW observations.
In comparison with the host galaxies, the host groups of the
GW events are easier to be identified due to their larger spa-
tial sizes, and the properties of host groups can be used to
study the formation circumstances of the SBBHs. In this pa-
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per, we shall focus on two problems: (1) For the given cosmo-
logical parameters, how well can the host groups of SBBHs
be identified by the GW observations in the eras of 2G and
3G GW detectors? (2) How well can the Hubble constant H0
be measured, by adopting the redshift information of SBBHs
provided by the identified host groups? In the calculation,
we use the galaxy group catalog of SDSS DR7 (Abazajian et
al. 2009) as the example. The groups we used are obtained
in a broad dynamic range and include systems of isolated
galaxies (Yang et al. 2007). We assume that SBBH mergers
in each group, and then use the Fisher information matrix
(Wen & Chen 2010) to estimate the three-dimensional spa-
tial position of the source. After that, we count the number
of groups Nin in the location, which represents the strength
of the detector’s ability to directly locate the host groups.
Then, for each detector network, we use the assumed SBBH
mergers to measure the Hubble constant by the Bayesian
method. For the determination of cosmological parameters,
comparing with the way related to the host galaxies identi-
fication, the method by identifying the host groups has an-
other two advantages: First, it can partly overcome the influ-
ence of peculiar velocities of GW events. As well known, the
contribution of the peculiar velocity of the GW events leads
to a bias in the inferred values of cosmological parameters,
if not accounted for (LIGO Collaboration et al. 2017). The
peculiar velocity of a host galaxy can arise from two com-
ponents namely the motion of the halo due to the spatial
gradients in the gravitational potential, and the virial veloc-
ity component of the host galaxy inside the halo. The former
component can be well modelled in the analysis (Mukherjee
et al. 2019), and the latter component can be significantly
reduced, if we consider the event’s host group, instead of its
host galaxy. Second, it can partly overcome the problems
induced by the incompleteness of the galaxy catalog. Actu-
ally, some SBBHs may be at the small galaxies, which are
not included in the galaxy catalog due to the limits of the
telescope. Thus, their host galaxies might be mismatched in
the analysis, which will bias the inferred values of cosmologi-
cal parameters. However, these small galaxies are believed to
be the satellite galaxies in the galaxy groups, which can be
easier be included in the group catalog through their central
galaxies. Therefore, for a given catalog, the completeness
of the groups are expected to be much better than that of
galaxies.
Our paper is organized as follows. In Sec. 2 we introduce
the galaxy group catalog used in this work. We introduce the
detector response and the Fisher information matrix in Sec.
3. In Sec. 4, for various detector networks, we investigate the
their abilities of identifying the host groups of GW events. In
Sec. 5, we use the Bayesian method to measure the Hubble
constant and in Sec. 6 we summarize the main results of this
work.
Throughout the paper, we adopt the standard ΛCDM
model with following parameters as the fiducial cosmological
model: Ωm = 0.272, ΩΛ = 0.728, Ωb = 0.045, σ8 = 0.807,
h = 0.704 (Komatsu et al. 2011).
2 OBSERVATIONAL DATA: THE SDSS
GROUP CATALOG
In this paper, as an example of the application of our
method, we consider the SDSS galaxy group catalogs of
Yang et al. (2007), constructed using the adaptive halo-
based group finder of Yang et al. (2005), here updated to
Data Release 7 (DR7). In the construction all galaxies from
SDSS DR7 in the Main Galaxy Sample with redshifts in
the range 0.01 ≤ z ≤ 0.20 and with a redshift completeness
fedge > 0.7 are selected. The magnitudes and colors of all
galaxies are based on the standard SDSS Petrosian tech-
nique (Petrosian 1976; Strauss et al. 2002), and have been
corrected for galactic extinction (Schlegel et al. 1998). The
absolute magnitude of all galaxies in band w (r and g band)
are computed using
M0.1w − 5 log h = mw − DM(z) − K0.1w − E0.1w , (1)
where DM(z) = 5 log[DL/(h−1Mpc)]+25 is the bolometric dis-
tance modulus calculated from the luminosity distance DL ,
K-corrections K0.1w are corrected to z = 0.1, using the method
described in Blanton et al. (2003a,b), and the evolution cor-
rections E0.1w are corrected to z = 0.1 by E0.1w = Aw(z − 0.1)
with Aw = 4.22, 2.04, 1.62, 1.61, 0.76 for corresponding band
u,g,r,i,z (Blanton et al. 2003a). Then, using the relations be-
tween stellar mass-to-light ratio and (g−r) color from (Bell et
al. 2003), stellar masses for all galaxies are computed using
log
[
M∗
h−2 M
]
= −0.306 + 1.097
[
(g − r)0.0
]
− 0.10
−0.4(M0.0r − 5 log h − 4.64) , (2)
where (g − r)0.0 and M0.0r − 5 log h are the (g − r) color and
r-band magnitude K + E corrected to z = 0.0, 4.64 is the r-
band magnitude of the Sun in the AB system (Blanton et al.
2007), and the −0.10 term effectively implies that we adopt
a Kroupa (2001) IMF (Borch et al. 2006).
It is worth mentioning that this group finder is opti-
mized to assign galaxies into groups according to their com-
mon dark matter halos. Furthermore, for each group in the
catalog, a dark matter halo mass Mh can be obtained based
on the ranking of the characteristic group stellar mass, which
is total stellar mass of all group members with r-band abso-
lute magnitudes brighter than −19.5. As indicated by Yang
et al. (2007), the estimate for groups’ host halo mass is
equally applicable to groups spanning the entire range in
richness, which is beneficial for detecting the host groups
of the GW sources. Detailed tests using mock galaxy red-
shift surveys have demonstrated that the group masses thus
estimated can recover the true halo masses with a 1-σ de-
viation of ∼ 0.3 dex (Yang et al. 2005, 2007). Groups that
suffer severely from edge effects (about 1.6% of the total)
have been removed from the catalog. The center of each
cluster is defined to be the stellar mass - weighted average
of the positions and redshifts of member galaxies brighter
than −19.5.
In our analysis, we use massive groups with halo mass
log10(Mhalo/( M h−1)) > 12. Similar with the case of iden-
tifying the host galaxies (Fishbach et al. 2019), we neglect
the possibility of the lighter groups becoming hosts, in order
to ensure the catalogue’s completeness. Based on the halo
mass, we can also estimate the effect of the spatial distribu-
tion of the galaxies in the groups, which is limited by the
MNRAS 000, 1–17 (2020)
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virial radius of the the group’s host halos. The virial radius
of the galaxy groups’ host halos can be computed using,
Rh =
(
3Mhalo
4piδρ¯
)1/3
, (3)
where ρ¯ is the average cosmic density and δ = 180 means
that dark matter halos are defined as having an overdensity
of 180. Tables 1 and 2 show that the member galaxies of a
dark matter halo are distributed in a small space, even for
halos within the largest mass range > 1014.5M or with the
galaxy members more than 5, the effect of the halo virial
radius on the redshift uncertainty of the member galaxies is
only about 10−4.
The incompleteness effect, due to the survey geome-
try, needs to be accounted for. A group whose projected
area straddles one or more survey edges may have members
that fall outside of the survey, thus causing an incomplete-
ness, which affects the accuracy of the detection for the host
groups of the GW sources. To avoid this incompleteness, we
select the groups with the survey edge fedge > 0.7 , which
represents the volume of the group that lies within the sur-
vey edge (Yang et al. 2007). Another incompleteness effect
is caused by the observational capabilities of the telescope.
In the higher redshift region, limited by maximum appar-
ent magnitudes of the targets in SDSS data, some galax-
ies and galaxy groups might be absent in the catalog. In
Fig. 1, we plot the number density distribution of galaxy
groups with respect to the redshift z. Based on the cosmo-
logical principle where the galaxy group distribution at the
large-scale is homogeneous and isotropic, the number den-
sity in the complete group catalog should satisfy the rela-
tion dN/dz ∝ z2 with the linear approximation, that means
log(∆N/∆z) ∝ log z. From this figure, we find that this rela-
tion is satisfied only in the region z < 0.12. As a conservative
consideration, in the following discussions, we only use the
galaxy groups in the low-redshift region with z < 0.1. The
density of groups is about 2 × 10−3 per Mpc3 in this region.
As a comparison, the density of galaxies in our catalogue is
about 6 × 10−3 per Mpc3.
3 THE DETECTOR’S RESPONSE AND THE
FISHER INFORMATION MATRIX
3.1 The detector’s response
Let us consider a GW detector network consisting of Nd
detectors. We assume their spatial locations are given by
the vector rI with I = 1, 2, · · · , Nd. Each detector has spatial
size much smaller than the GW wavelength. For detector
rI , the response to an incoming GW signal could be written
as a linear combination of two wave polarizations in the
transverse traceless gauge,
dI (t0 + τI + t) = F+I h+(t) + F×I h×(t), 0 < t < T, (4)
where h+ and h× are two polarization modes of GW, t0 is
the arrival time of the wave at the coordinate origin. The
term τI is the time required for the waves to travel from the
origin to reach the I-th detector at time t, i.e.,
τI (t) = n · rI (t), (5)
where n is the propagation direction of a wave, t ∈ [0,T]
is the time label of the wave, and T is the time duration.
Figure 1. The number density distributions of galaxy groups
with respect to the redshift z. Here, the galaxy groups are sepa-
rated into 20 redshift bins, which are set by log∆z = (log zmax −
log zmin)/20, zmin = 0.01, zmax = 0.2, and ∆N is the galaxy group
number in the redshift bin ∆z.
The quantities F+I and F
×
I
are the detector’s antenna beam-
pattern functions, which depend on the source location (α, δ),
the polarization angle ψ, the detector’s latitude λ, longitude
ϕ, the angle γ, which determines the orientation of the detec-
tor’s arms with respect to local geographical directions, and
the angle between the interferometer arms ζ (Jaranowski
et al. 1998). Table 3 lists the parameters of interferometers
used in this paper (Blair et al. 2015; Vitale & Evans 2017).
In Fig. 2, we show the sensitivity noise curves of these detec-
tors. For LIGO (Livingston), LIGO (Handford), Virgo, KA-
GRA, LIGO-India, we use the noise curve of the designed
level for advanced LIGO. For the proposed 8 km detectors
in China and Australia, we use the noise curve given in Blair
et al. (2015) and Howell et al. (2017). For CE in the U.S.
and the assumed CE-type detector in Australia, we use the
proposed noise curve in Abbott et al. (2017f) and Dwyer
et al. (2015). And for ET, we consider the proposed ET-D
project (Punturo et al. 2010; Abernathy et al. 2011).
The Fourier transform of the detector’s response is given
by
dI ( f ) =
∫ T
0
dI (t)e2pii f tdt . (6)
Denoting the corresponding one-side noise spectral density
of the detector by SI ( f ), we define a whitened data set in the
frequency domain (Wen & Chen 2010; Zhao & Wen 2018),
dˆI ( f ) ≡ S−1/2I ( f )dI ( f ). (7)
For a detector network, Eq. (7) could be written as (Wen &
Chen 2010; Zhao & Wen 2018)
dˆ( f ) = Aˆh( f )e−iΦ, (8)
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log10(Mhalo/(M h−1)) Number log10(Mhalo/(M h−1)) R180(Mpc h−1)
> 14.5 530 14.71 2.048
14.0-14.5 3479 14.20 1.396
13.5-14.0 14591 13.72 0.962
13.0-13.5 43283 13.32 0.662
12.5-13.0 93268 12.75 0.456
12.0-12.5 132553 12.26 0.314
Table 1. The distribution of the groups’ halo mass in our catalog. Note that, Mhalo and R180 are the average mass and average virial
radius of the halos in the corresponding interval respectively.
Galaxy number Number of groups log10(Mhalo/(M h−1)) R180(Mpc h−1)
1 230399 12.76 0.414
2 35386 13.23 0.562
3 9571 13.48 0.675
4 4141 13.63 0.766
5 2258 13.74 0.834
> 6 5949 13.98 1.028
Table 2. This table shows the distribution of the groups’ galaxy number in our groups. Note that, Mhalo and R180 are the average mass
and average virial radius of the halos in the corresponding interval respectively.
Figure 2. The sensitivity noise curves of GW detectors. The
purple line represents the noise level of advanced LIGO, the blue
line represents that of the proposed 8-km detectors in China and
Australia (Blair et al. 2015), the red line represents that of ET
detector (Punturo et al. 2010), and the yellow line represents that
of CE detector (Abbott et al. 2017f).
where Aˆh( f ) is
Aˆh( f ) =
[
F+1 h+( f ) + F×1 h×( f )√
S1( f )
, · · · ,
F+Nd h+( f ) + F
×
Nd
h×( f )√
SNd ( f )
]T
,
(9)
and the detail of the waveform term F+I h+( f )+F×I h×( f ) could
be found in Ajith et al. (2008). Φ is a diagonal matrix of Nd
dimensions with
ΦIJ = 2pi f δIJ (n · rI ( f ) + τe( f )). (10)
The term τe( f ) represents the time delay caused by the rev-
olution of the Earth. If we consider the effects due to the
Earth’s rotation and revolution during the GW burst, the
quantities F+I , F
×
I
, ΦIJ are the functions of time in the time
domain, or the functions of frequency in the frequency do-
main, which can significantly improve the angular resolu-
tions of the GW detectors (Zhao & Wen 2018). Since these
effects are important only for the GW signals produced in
the inspiralling stage of the compact binaries, in this pa-
per, we apply stationary phase approximation (SPA) to de-
rive the frequency-dependence of these functions (Maggiore
2008; Zhang et al. 2017; Zhao & Wen 2018), which are given
by
F+I ( f ) = F+I (t = t f ), F×I ( f ) = F×I (t = t f ),
ΦIJ ( f ) = ΦIJ (t = t f ), (11)
where t f = tc − (5/256)M−5/3c (pi f )−8/3 (Maggiore 2008), with
tc the binary coalescence time and Mc the observed chirp
mass of binary system. Note that, due to the mass-redshift
degeneracy in GW observation, the observed chirp mass re-
lates to the intrinsic chirp mass Mc by Mc = (1 + z)Mc .
3.2 Fisher information matrix
By maximizing the correlation between a template waveform
that depends on a set of parameters and a measured signal,
the matched filtering provides a natural way to estimate the
parameters of the signal and their errors. In this paper, we
employ the Fisher matrix approach for the parameter esti-
mation in the GW analysis. In comparison with the MCMC
analysis, it represents a simple, method-independent, and
reasonable estimate for the detection and localization capa-
bility for future experiments. The reliability of Fisher matrix
analysis has been tested in our previous work Zhao & Wen
(2018). In the case of a network with Nd detectors, the Fisher
matrix is given by (Wen & Chen 2010)
Γi j =
〈
∂θi dˆ | ∂θ j dˆ
〉
, (12)
where θi are the free parameters to be estimated. For bi-
nary system we study, there are nine free parameters, θ =
MNRAS 000, 1–17 (2020)
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λ(degree) ϕ(degree) γ(degree) ζ (degree) abbreviation
LIGO (Livingston) 30.56 -90.77 243.0 90.0 L
LIGO (Handford) 46.45 -119.41 171.8 90.0 H
Virgo 43.63 10.5 116.5 90.0 V
KAGRA 36.25 137.18 — 90.0 K
LIGO-India 19.09 74.05 — 90.0 I
Assumed 8 km detector in Australia -31.95 115.87 — 90.0 A
Assumed 8 km detector in China 29.2 120.5 — 90.0 C
Einstein telescope 43.54 10.42 19.48 60.0 ETD
Cosmic Explorer 30.54 -90.53 162.15 90.0 CE
Assumed CE-type detector in Australia -31.51 115.74 0 90.0 CE
Table 3. The parameters and the abbreviation of various interferometers used in our study (Blair et al. 2015; Vitale & Evans 2017).
Note that, γ is measured counter-clockwise from East to the bisector of the interferometer arms.
{α, δ, ψ, ι,M, η, tc, φc, log(dL)}. The angular brackets mean the
inner product between two vectors,
〈a | b〉 = 2
N∑
i=1
{∫ +∞
−∞
[aib∗i + a∗i bi]df
}
. (13)
The Cramer-Rao bound (Cramer 1989) states that the in-
verse of the Fisher matrix is a lower bound on the covariance
of any unbiased estimator of θ. In the case of high SNR, the
covariance matrix of θ is approximately given by the inverse
of the Fisher matrix (Finn 1992; Finn & Chernoff 1993; Cut-
ler & Flanagan 1994),
Vi j = (Γ−1)i j, (14)
which is a covariance matrix with nine parameters in our
analysis and one could choose the part related to the param-
eters {α, δ, log(dL)}. Therefore, we could obtain the covari-
ance matrix of {α, δ, log(dL)} from Fisher information ma-
trix. The error in solid angle in the projected 2-dimensional
sphere is (Wen & Chen 2010)
∆Ωs = 2pi | cos δ |
√〈
∆α2
〉 〈
∆δ2
〉 − 〈∆α∆δ〉2. (15)
And the total SNR for the GW signal is given by
SNR = 〈d | d〉 . (16)
3.3 The impact of the Earth’s rotation
As mentioned in Sec. 3.1, the term t f in Eq. (11) represents
the effect of the movement of the Earth during the time of
the GW signal. If this effect is ignored, t f could be approxi-
mately treated as a constant, and the functions F+I , F
×
I
and
ΦIJ are all constants for a given GW event. However, for 3G
GW detectors, the cutoff of their low-frequency sensitivity is
extended to about 1Hz. Therefore, a detector would observe
a given GW event at different time at different location, and
it could be treated as a network including a set of detectors
at different location with the rotation of the Earth. The
baseline is determined by the duration of the GW events.
For binary coalescence, the duration of the signal t∗ is given
by (Maggiore 2008)
t∗ = 0.86 day
(
1.21 M
Mc
)5/3 ( 2 Hz
flow
)8/3
, (17)
where flow is the low-frequency cutoff of the detectors. If
we have flow = 1 Hz, for BNSs with m1 = m2 = 1.4 M,
we have t∗ = 5.44 days. For SBBHs with 10 − 10 M, the
result is 4.9 hours and for SBBHs with 30 − 30 M, the
result is 0.79 hours. Therefore, for the 3G detectors, the
impact of the Earth’s rotation on the localization of GW
sources are important, which includes two effects: One is
the modulation of the Doppler effect quantified by the time-
dependent function ΦIJ , and the other is quantified by the
time-dependent detector responses F+I and F
×
I
. As in the
previous work Zhao & Wen (2018), in our analysis of this
paper, we will also consider these effects when estimating
the localization errors.
3.4 The impact of the Earth’s revolution
In this subsection, we will concentrate on the impact of the
Earth’s revolution, which will be taken into accounted for
the first time. There are two effects caused by the revolu-
tion of the Earth. The first one is that the angle change af-
fects the azimuth of the detector. So the detector’s antenna
beam-pattern will change with the Earth’s revolution. The
solution to this problem is simple. If we replace the Coordi-
nated Universal Time (UTC) with sidereal time, the relative
angle between the detectors and the GW source will remain
the same at the same time on each sidereal day and the de-
tector’s antenna beam-pattern function will not change with
the revolution. This effect is equivalent to being absorbed
into the the effect of the Earth’s rotation. The second one is
the Doppler effect caused by the Earth’s motion. Since the
overall movement speed of the solar system is much smaller
than the revolution speed of the Earth, we approximate the
Sun as stationary. For convenience, we consider the motion
of the Earth in the sun-centered ecliptic coordinate system.
Therefore, the time delay τe could be written as
τe = n · (re(t f ) − re(tc)), (18)
where re is the location of the Earth in the Sun-centered
ecliptic coordinate system. The smaller f , the greater differ-
ence between re(t f ) and re(tc), the more obvious this effect
will be.
4 THE ABILITY OF IDENTIFYING THE
HOST GALAXY GROUPS
In order to estimate the ability of finding GWs’ host groups,
for each group in catalog, we assume a GW event of the
SBBH merger occurs at its center (α, δ, log(dL)). Following
MNRAS 000, 1–17 (2020)
Host galaxy groups of BBHs 7
Mortonson & Hu (2008) and Zhao et al. (2018), we ex-
pect measurements to be centered on the central position
rather than dispersed by ∼ 1σ. These measurements could
be seen as the average over many possible observations of
the data. The response of GW detector network is given by
Eq. (8). Then, we could get the Fisher matrix and the co-
variance matrix of source’s parameters from Eqs. (12) and
(14). We derive covariance matrix of the location param-
eters Cov[α, δ, log(dL)] from the whole 9-parameter covari-
ance matrix, and draw an ellipsoid in the parameter space
of (α, δ, log(dL)). In order to simplify the description in the
parameter space, we do the following transformation. From
the matrix Cov[α, δ, log(dL)], we can obtain its eigenvalues
{λ1, λ2, λ3}, and the corresponding eigenvectors {v1, v2, v3},
which could be calculated by using Jacobi eigenvalue algo-
rithm (Rutishauser 1966). In the frame with {v1, v2, v3} as
the coordinate axes, the covariance matrix is transformed to
Cov′[a, b, c] = ©­«
v1
v2
v3
ª®¬Cov[α, δ, log(dL)]
(
v1T v2T v3T
)
=
©­«
λ1 0 0
0 λ2 0
0 0 λ3
ª®¬ , (19)
where (a, b, c) represent the coordinate in the new coordi-
nate system based on (v1, v2, v3). Therefore, the probability
functions of a, b and c would be independent. Thus, in the
new coordinate system, the possibility density function of
the source’s location could be simplified as
f (a, b, c) = C exp
(
−1
2
[ (a − µa)2
λ1
+
(b − µb)2
λ2
+
(c − µc)2
λ3
] )
,
(20)
where (µa, µb, µc) represents the location of the assumed
SBBHs and C is a normalized constant. The distribution
of (a− µa)2/λ1+ (b− µb)2/λ2+ (c− µc)2/λ3 is a chi-square dis-
tribution with three degrees of freedom. Then we can paint
an ellipsoid
(a − µa)2
λ1
+
(b − µb)2
λ2
+
(c − µc)2
λ3
= χ2, (21)
which stands for the source’s possible location given by de-
tectors network. χ2 is a constant related to the confidence
we need. Throughout this work, we consider the situation of
a 99% confidence ellipsoid, which follows that χ2 = 11.34.
After painting this ellipsoid, we traverse our catalog
to find the number of groups in it. The difficulty is that,
from GW observation, we can obtain the constraint on the
source’s luminosity distance dL . However, from the cata-
log, for each galaxy group, we have only the information of
redshift, which relates to dL by the cosmological model. In
particular, for the nearby sources, the relation between them
strongly depends on the Hubble constant H0. In this section,
we assume the cosmological parameters are all fixed by var-
ious observations, and investigate the ability of finding the
host galaxy groups from GW observations. In our analysis,
the values of dL for the galaxy groups are calculated from
the redshift information in catalog by assuming the standard
ΛCDM model with parameters given by WMAP7 (Komatsu
et al. 2011). The identification ability is quantified by the
quantity Nin, which is the number of galaxy groups in the
error ellipsoid. The smaller Nin represents the better ability
of identification. When Nin = 1, it means that one could find
the host galaxy group of this GW event directly without EM
counterpart. However, if Nin > 1, it means we cannot find
the host group directly from the GW observation alone.
For a given detector network, the localization ability de-
pends on the feathers of the binary systems, in particular the
masses of BHs, and the inclination angle ι of the systems.
For the SBBH mergers in simulation, we assume that their
masses are all 30 − 30 M or 10 − 10 M. The distributions
of their ι are all ∝ sin ι. For the detectors network, we con-
sider three different cases for 2G detectors: LHV, LHVIK,
LHVIKCA1. Similar to the recent work Gupta et al. (2019),
for the 3G detectors, we consider the network consisting of
one ET in Europe, one CE in the U.S. and one assumed
CE-type detector in Australia. We denote this network as
CE2ETD. Note that, for ET, we adopt the sensitivity model
referred as ET-D in Punturo et al. (2010) and Abernathy
et al. (2011). The designed sensitivities of these detectors
are given in Fig. 2, and the coordinates and orientations of
these interferometers are listed in Table 3. In this paper, we
do not consider the networks of two detectors, since the lo-
calization capabilities of the two-detector networks are very
poor (Wen & Chen 2010). Even for the CE-ETD network, its
positioning ability is much worse than the LHVIKCA net-
work (Zhao & Wen 2018). In Figs. 3 and 4, we present the
distributions of ∆Ωs and ∆dL/dL with these four networks,
which stand for the localization capabilities of various detec-
tor networks. In Fig, 5, we show the cumulative distribution
function (CDF) of the localization volumes, and find that
the typical localization volume for the 2G LHVIK network
is around (103 − 105)Mpc3, which can be reduced to around
(0.1−10)Mpc3 in 3G era. Note that, the localization volumes
of 30−30 M SBBHs are much smaller compared with Chen
& Holz (2016), due to the samples’ redshift cutoff.
4.1 The distributions of Nin
In each case, we calculate Nin for the assumed SBBH merg-
ers and get a distribution of Nin. Fig. 6 shows the probability
distributions of Nin from 1 to 20 with different parameters.
The integral of these histograms is not necessarily equal to 1,
since we have only drawn the part of Nin ≤ 20. In each figure,
there are two histograms. The black one is for the 30−30 M
SBBH samples and the red one is for the 10 − 10 M SBBH
samples. We observe that the heights of the histogram in
30 − 30 M SBBHs case are higher than that in case with
10 − 10 M SBBHs. This is not surprising because the cases
of 30− 30 M SBBHs have stronger GW signals and smaller
localization volumes compared with the corresponding cases
of 10 − 10 M SBBHs. There are three violin plots in Fig. 7
and they represent the SNR distributions of Nin = 1 SBBHs
with the LHV, LHVIK, LHVIKCA network. The left part
is the result of 30 − 30 M SBBHs and the right part is the
result of 10−10 M SBBHs. The SNRs of 30−30 M SBBHs
are much larger than 10 − 10 M SBBHs’. The fractions of
Nin with different networks with different parameters are
1 L means advanced LIGO-Livingston, H means advanced LIGO-
Handford, V means advanced Virgo, I means LIGO-India, K
means KAGRA
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(a) (b)
Figure 3. The distribution of ∆Ωs for different cases. The left panel is for the case with 30− 30 M SBBHs and the right panel is for the
case with 10 − 10 M SBBHs. The blue, red, yellow, green dots represent the cases of the LHV, LHVIK, LHVIKCA, CE2ETD networks
respectively. Note that, in this figure, the assumed SBBH samples have the random inclination angles.
(a) (b)
Figure 4. The distributions of ∆dL/dL for different cases. The left panel is for the case with 30 − 30 M SBBHs and the right panel is
for the case with 10 − 10 M SBBHs. The blue, red, yellow, green dots represent the cases of the LHV, LHVIK, LHVIKCA, CE2ETD
networks respectively. Note that, in this figure, the assumed SBBH samples have the random inclination angles.
showed in Table 4, where we list the fractions of Nin = 1,
Nin ≤ 2, Nin ≤ 5, Nin ≤ 10 for each case. The rates are also
listed under the fractions. The total merger rates can be de-
termined by the current observations of LVC. From the first
and second observing runs of LIGO and Virgo, the merger
rates of SBBHs are (9.7− 101) Gpc−3 yr−1 at 90% confidence
level (Abbott et al. 2019a). So, multiplied by the volume of
the redshift (0.01-0.1) area, there would be (4.0 − 41) SBBH
mergers in per year’s full-time observations. Since the mass
distribution of SBBH mergers are difficult to estimated, we
consider two extreme cases, the SBBH mergers’ mass are all
30 − 30 M or all 10 − 10 M in this paper.
For the LHV network, in the optimal case with 30 −
30 M SBBHs, the fraction of Nin = 1 is 5.29%, and the
fraction of Nin ≤ 10 is 20.05%. While in the case with 10 −
10 M SBBHs, the fraction of Nin with small value is even
less. In the calculation, we find that most of the assumed
events have the large positioning areas. So, the LHV network
has little probability to identify the host galaxy group of
SBBHs.
For the LHVIK network, in the case of 30 − 30 M, the
fraction of Nin ≤ 10 is 62.05%, which are much better than
the corresponding cases of LHV network. In particular, we
find that by GW observations alone, nearly 17% events can
identify their host galaxy groups, which would provide the
important samples to study the formation circumstances of
the SBBHs. However, for the cases with 10− 10 M SBBHs,
the results worse: the fraction of Nin ≤ 10 is only 17.62%,
and the fraction of Nin = 1 reduces to 5.04%.
From the results of the LHVIKCA network, we observe
that if adding two 8-km detectors, the results will be much
better. For the case with 30− 30 M SBBHs, the fraction of
Nin = 1 is 57.19% and almost all the assumed events have
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Figure 5. The CDF of localization volumes for 30−30 M SBBHs
(soild line) and 10−10 M SBBHs (dash line) with different cnet-
works. The blue, red, purple and green lines represent the cases
of LHV, LHVIK, LHVIKCA, CE2ETD, respectively.
Nin ≤ 10. Even for case of 10 − 10 M, nearly 84% assumed
events have Nin ≤ 10 and 30.75% of them have Nin = 1.
In comparison with the localization abilities of 2G de-
tector networks, from the results of CE2ETD network, we
find the 3G network has a huge improvement. For the
30 − 30 M SBBHs at low redshift z < 0.1, almost all events
have Nin = 1, i.e. their host galaxy groups can be identi-
fied. Even for the 10 − 10 M SBBHs at the same redshift
range, the fraction is also more than 94%. These results in-
dicate that, in the 3G era, an abundant SBBH samples with
identified host groups can be obtained by GW observations,
which are extremely important for the researches on the as-
trophysical origins of these sources.
4.2 The edge effect
As discussed, in our analysis, the constraint of source loca-
tion is quantified by Eq. (21). However, our galaxy group
catalog covers only a part of the sky area with redshift from
0.01 to 0.1. Therefore, the error ellipsoids of the sources may
cover some unobserved regions. So, in this case, the derived
values of Nin may be smaller than the real value if there are
some galaxy groups in the error ellipsoids but outside the
considered area. In this subsection, we investigate the im-
pact of this edge effect. In order to quantitatively describe
it, in each error ellipsoid derived from the Fisher matrix
analysis, we sprinkle 200 points randomly. Then, we get the
fraction of the catalog area in the total error ellipsoid by
counting the number of the points in the observed region. In
this paper, we denote this fraction as vin, which quantifies
the edge effect mentioned above. If vin is close to 1, the edge
effect is negligible for the constraint of this GW event. On
the other hand, if vin is much smaller than 1, the edge effect
is important, which should be seriously taken into accounted
in estimating the localization abilities of GW observations.
In Tables 5, we list the fraction of the GW events with
vin larger than 0.9 in the samples with different values of
Nin (Nin = 1, ≤ 2, ≤ 5, ≤ 10). We find that almost all
the events with small Nin have vin > 0.9, which means that
for most SBBH mergers with low Nin, their error ellipsoids
are roughly in the catalog area, and the edge effect is not
significant. However, for SBBH mergers with large Nin, since
they are usually accompanied by large location areas, these
error ellipsoids usually have a large part outside the catalog
areas. Therefore, we conclude that, if we consider only the
cases with small Nin, i.e. Nin ≤ 10, the edge effect of the host
group localization has little influence on our results.
5 MEASUREMENT OF THE HUBBLE
CONSTANT
One of the important issues in GW astronomy is that, the
GW events produced by the coalescence of compact binaries
can act as the standard sirens to constrain the cosmologi-
cal parameters (Schutz 1986). In particular, for a set of the
low-redshift GW events, this method is hope to solve the
measurement tension of the Hubble constant in the near fu-
ture (see for instance, Chen et al. (2018)). The key role of
the standard siren method is to independently determine the
redshift of the GW events. For the SBBH events, which lack
of EM counterparts, the natural choice is to identify their
host galaxies or galaxy groups by the spatial resolutions of
GW detector networks, and the redshift information of these
GW events can be provided by the optical observations of
their hosts. In this section, we will extract the redshift infor-
mation of GW events from the distribution of galaxy groups
in the error ellipsoids by the Bayesian analysis. Then, com-
bining with the luminosity distance uncertainties from GW
observation, we will constrain the Hubble constant H0 by
using the Hubble’s law. Applying the analysis to the 2G
and 3G detector networks, we will investigate the potential
constraints of H0 by various future GW observations.
5.1 Bayesian method
With the GW data dGW and EM data dEM from SDSS
DR7 catalog, we use the method given by (Chen et al. 2018;
Fishbach et al. 2019; Soares-Santos et al. 2019; Gray et al.
2019) to calculate the posterior probability of H0. Differ-
ent from the ir measurements, we use the catalog of galaxy
groups rather than galaxies in our work. For galaxies, the
virial velocity, vvir, should be considered, which contributes
to the main part of the uncertainty of EM data. But for
our catalog, the center of each galaxy group is defined to
be the stellar mass weighted average of the positions and
redshifts of member galaxies so we need not consider the
term of vvir. The uncertainty of term vh, which is the motion
of the halo, still need to consider. Mukherjee et al. (2019)
gives an estimation of NGC4993 and shows the standard
deviation of its halo velocity σh is about 80 km s−1. For a
group with z = 0.1, it will cause a 0.27% uncertainty on
its redshift measurement. For most cases, this uncertainty
is not important compared with the measurement accuracy
of the events’ luminosity distances by GW observations, ex-
cept for a small fraction cases with some low-redshift groups
and CE2ETD network. But this fraction is very small com-
pared with the number of full groups in our catalog. For this
reason, we will neglect this uncertainty in our calculation.
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Nin 1 ≤ 2 ≤ 5 ≤ 10
LHV
30 − 30M 5.29%(0.2-2.2 yr−1)
8.23%
(0.3-3.4 yr−1)
13.79%
(0.5-5.6 yr−1)
20.05%
(0.8-8.2 yr−1)
10 − 10M 1.60%(0.06-0.6 yr−1)
2.41%
(0.09-1.0 yr−1)
3.83%
(0.2-1.6 yr−1)
5.24%
(0.2-2.1 yr−1)
LHVIK
30 − 30M 17.00%(0.7-6.9 yr−1)
26.33%
(1.0-10.7 yr−1)
44.41%
(1.7-18.1 yr−1)
62.05%
(2.4-25.3 yr−1)
10 − 10M 5.04%(0.2-2.0 yr−1)
7.24%
(0.3-3.0 yr−1)
11.59%
(0.4-4.7 yr−1)
17.62%
(0.7-7.2 yr−1)
LHVIKCA
30 − 30M 59.17%(2.3-24.1 yr−1)
77.89%
(3.0-31.8 yr−1)
93.55%
(3.7-38.2 yr−1)
98.16%
(3.8-40.0 yr−1)
10 − 10M 30.75%(1.2-12.5 yr−1)
46.29%
(1.8-18.9 yr−1)
69.86%
(2.7-28.5 yr−1)
83.88%
(3.3-34.2 yr−1)
CE2ETD
30 − 30M 99.01%(3.9-40.4 yr−1)
99.92%
(3.9-40.8 yr−1)
99.99%
(3.9-40.8 yr−1)
100%
(3.9-40.8 yr−1)
10 − 10M 94.36%(3.7-38.5 yr−1)
99.06%
(3.9-40.4 yr−1)
99.93%
(3.9-40.8 yr−1)
99.99%
(3.9-40.8 yr−1)
Table 4. This table shows the fractions and rates of the assumed GW events with different values of Nin .
(a) LHV (b) LHVIK
(c) LHVIKCA (d) CE2ETD
Figure 6. The probability distribution of Nin form 1 to 20 with different networks. In each figure, there are two histograms. The black
one is for the distribution with 30 − 30 M SBBHs and the red one is for that with 10 − 10 M SBBHs.
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Nin 1 ≤ 2 ≤ 5 ≤ 10
LHV
30 − 30M 92.02% 91.57% 90.67% 89.50%
10 − 10M 91.61% 91.83% 90.88% 90.46%
LHVIK
30 − 30M 95.37% 94.89% 94.13% 93.38%
10 − 10M 95.64% 95.23% 94.50% 93.63%
LHVIKCA
30 − 30M 97.09% 96.91% 96.83% 96.74%
10 − 10M 96.74% 96.49% 96.83% 95.97%
CE2ETD
30 − 30M 97.34% 97.35% 97.35% 97.35%
10 − 10M 97.06% 97.04% 97.02% 97.02%
Table 5. This table shows the fractions of SBBHs with vin > 0.9 in different cases.
Figure 7. The SNR’s violin plots of SBBH mergers with Nin = 1.
The three violins represent the case of LHV, LHVIK, LHVIKCA
network, respectively. In each violin, the left part represents the
case of 30 − 30 M SBBHs and the right part represents the case
of 10 − 10 M SBBHs, while the area of each part is proportional
to the SBBHs’ number. It is worth noting that the areas between
different violins cannot be used for comparison.
The size of group is another source for the uncertainty of
redshift measurement. We find that, in comparison with the
uncertainty caused by the motion of galaxy groups, the ra-
tio of the virial radius and distance of a group is generally
one order of magnitude smaller. So, we will also neglect this
term of uncertainty in our calculation.
Following the Bayes’ theorem, we can write the poste-
rior as
p(H0 |dGW , dEM ) ∝ p(dGW , dEM |H0)p(H0), (22)
where dGW , dEM represent the GW data and EM data re-
spectively, and p(H0) represents the prior probability of H0.
In this work, dGW equals to the GW signals observed by GW
detector network and dEM equals to the data from galaxy
group catalog. In this section, all the cosmological parame-
ters are fixed, except for H0, as the values mentioned in the
introduction. In this work, we adopt H0 = 70 km s−1 Mpc−1 as
the fiducial value for the sample simulation. In the Bayesian
analysis, we set the prior that the Hubble constant is uni-
formly distributed in the interval [60, 80] km s−1 Mpc−1 in
this work.
Following the approach of Chen et al. (2018), the like-
lihood p(dGW , dEM |H0) could be written as
p(dGW , dEM |H0) ∝ 1β(H0)
∫
p(dGW |dL(z,H0),Ω) ×
p(dEM |z,Ω)p0(z,Ω)dΩdz, (23)
where β(H0) is the normalization term. Here we could cal-
culate p(dGW |dL(z,H0),Ω) from Eq. (20). We ignore the
uncertainty of groups’ redshift and position. Therefore,
p(dEM |z,Ω) could be written as
p(dEM |z,Ω) =
∑
i
wiδ(z − zi)δ(Ω −Ωi), (24)
where (zi,Ωi) represent the redshift and position of i-th pos-
sible host group, and wi is the weight of each group, rep-
resenting the probability of becoming a host group. This
weight is related to many factors, such as the stellar mass,
morphologies and metallicities (see for instance, Cao et al.
(2017)).
For the group prior p0(z,Ω), we adopt two different ap-
proaches for calculation. In the first approach, we follow the
assumption in Soares-Santos et al. (2019) that the groups are
uniformly distributed in comoving volume V . So we have
p0(z,Ω) ∝ 1Vmax
d2V
dzdΩ
∝ 1
Vmax
χ2(z)
H(z) , (25)
where χ(z) is comoving distance and H(z) is Hubble param-
eter with respect to redshift z. In the second approach, we
try to get the formalism of p0(z,Ω) from the group catalog. If
assuming the group distribution is isotropic on large scales,
we could write p0(z,Ω) as
p0(z,Ω) = p0(z)p0(Ω) ∝ p0(z), (26)
and p0(z) is equivalent to a sum of delta functions at the
redshift of the groups in our catalogue since we ignore the
uncertainty of groups’ redshift. We show the distribution of
both group number and stellar mass in Fig. 1. In order to en-
sure the stability of our results, both of these two approaches
of p0(z,Ω) are discussed in our work. Thus, Eq. (22) becomes
p(H0 |dGW , dEM ) ∝ p(H0)
β(H0)
∑
i
wip(dGW |dL(zi,H0),Ωi)p0(zi,Ωi).
(27)
For N events with sequence numbers 1, 2, 3, · · · , j, this equa-
tion could be rewritten as
p(H0 |dGW , dEM ) ∝
N∏
j=1
p(H0)
β(H0)
×∑
i
wip(dGW, j |dL((zi j,H0),Ωi j )p0(zi j,Ωi j ). (28)
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We assume that the data can be detected only if it satis-
fies some thresholds. For dEM , we set its threshold as z < 0.1.
For dGW , we set its threshold as SNR > 12. So the normal-
ization term β(H0) is (Chen et al. 2018; Fishbach et al. 2019)
β(H0) =
∫
dEM>thresh
∫
dGW>thresh
∫
p(dGW |dL(z,H0),Ω)×
p(dEM |z,Ω)p0(z,Ω)dΩdzddEM ddGW ,
=
∫
PGWdet (dL(z,H0),Ω)PEMdet (z,Ω)p0(z,Ω)dΩdz
=
∫ zh
0
∫
PGWdet (dL(z,H0),Ω)p0(z,Ω)dΩdz,
(29)
where we define
PGWdet (dL(z,H0),Ω) =
∫
dGW>thresh
p(dGW |dL(z,H0),Ω)ddGW ,
(30)
and
PEMdet (z,Ω) =
∫
dEM>thresh
p(dEM |z,Ω)ddEM = H(z − zh),
(31)
where H is the Heaviside step function. It is worth noting
that if the maximum observable distance for the GW events
are far less than zh, we could neglect the selection effects
and set zh → ∞, and β(H0) can be simplified to (Mandel et
al. 2016; Chen et al. 2018; Fishbach et al. 2019):
β(H0) ∝ H30 . (32)
However, in our work, especially for the 3G detector net-
work, the maximum observable distance would be very large
and this assumption is no longer appropriate. So, we have to
calculate Eq. (29) numerically. We put an assumed SBBH
merger with random ι in each group. After multiplying the
weights wi , we can treat the distribution of those assumed
SBBH mergers as the term p(dGW |dL(z,H0),Ω) is Eq. (30).
For each SBBH merger, we calculate its SNR and get the
value of β(H0) from Eq. (29). We calculate the value of β(H0)
with the prior H0 ∈ [60, 80] km s−1 Mpc−1 for different detec-
tor networks, and find that for most H0 the values of β(H0)
are same since all the mergers’ SNR in those cases are larger
than 12.
5.2 Posterior probability of H0 with uniform
weight function
In order to get the constrain of Hubble constant, we select
100 galaxy groups randomly from the catalog, and place a
SBBH merger with random ι at each location. In our calcu-
lations, we consider two types of GW sources, i.e. 10−10 M
and 30 − 30 M SBBH mergers with two different choices of
prior p0(z,Ω) as mentioned above. For each event, we can
obtain an error ellipsoid in parameter space of (α, δ, log(dL))
with 99% confidence level from Fisher matrix analysis. Then,
we traverse all groups in this ellipsoid, and set their weights
wi = 1 to calculate the posterior probability of H0 by Eq.
(28). Here we need to pay attention to a problem. If the
range of the ellipsoid exceeds the maximum redshift zh of
the catalog, we may lose some of the possible host galaxy
groups outside the catalog, which will induce the bias for the
estimation of H0. So, in our analysis, we reject these events
to avoid the possible bias. This is treated as the selection
criteria for the GW events in our analysis. In the cases with
LHV network, we find the values of ∆dL/dL is very large.
Nearly all the GW events cannot satisfy the criteria, and
have to be ejected in the analysis. So, we cannot obtain
the posterior probability of H0 with this network. For this
reason, in this section, we shall only consider the following
detector networks: LHVIK, LHVIKCA and CE2ETD.
Let us first focus on the 2G LHVIK network. Among
the 100 assumed GW events, there are 17 events satisfy the
criteria in the case with 30−30 M SBBHs, and only 3 events
satisfy the criteria in the case with 10 − 10 M SBBHs. The
posterior distributions of H0 are presented in the upper left
panel of Fig. 8. Note that, in this section, for 30 − 30 M
SBBH mergers, the green curve represents the posterior dis-
tribution with uniformly distributed p0(z,Ω) and we denote
it as the case of 30 − 30 M A. The blue curve represents
that with p0(z,Ω) from group catalog, which is denoted as
the case of 30 − 30 M B. Similarly, for 10 − 10 M SBBH
mergers, the red curve is the posterior with uniformly dis-
tributed p0(z,Ω) and the black curve is the posterior with
p0(z,Ω) from group catalog, denoted as the case of 10−10 M
A and the case of 10−10 M B respectively. The posterior to
H0 is 68.3% confidence level in this section if without state-
ment. In case of 30 − 30 M A, the potential constraint is
H0 = 69.94+1.39−1.36 km s
−1 Mpc−1, and in the case of 30− 30 M
B, the constraint is nearly same. So, we find that, different
choices of the group prior p0(z,Ω) cannot significantly affect
the constraint of the Hubble constant. On the other hand,
for LHVIK network with 10−10 M SBBH mergers, we find
the error bars of H0 are quite large in both cases.
For LHVIKCA network with 30−30 M SBBH mergers,
we find that 44 events satisfy the criteria and are used for
the parameter constraining. The posterior distributions of
H0 derived from this network are given in the middle left
panel of Fig. 8, which are H0 = 70.00+0.26−0.27 km s
−1 Mpc−1 for
both case of 30−30 M A and case of 30−30 M B. While for
10−10 M SBBH mergers, we find 21 events can be used for
the parameter constraining, and the corresponding result is
H0 = 69.97+0.86−0.85 km s
−1 Mpc−1 in the case of 10−10 M A and
H0 = 69.97± 0.86 km s−1 Mpc−1 in the case of 10− 10 M B.
Same to the cases of LHVIK network, we find that the effect
of group prior p0(z,Ω) is not significant. In comparison with
the corresponding cases with LHVIK network, we find the
uncertainties of H0 are nearly five times smaller. Due to the
contribution of the two 8-km detectors in the network, the
localization ability for the individual event is significantly
improved, which leads to two effects on the H0 constraining:
First, the uncertainties of the redshift distribution of the
GW event is reduced. Second, the number of the GW events
satisfying the criteria is increased. So, we conclude that, if
the proposals of 8-km detectors can be realized in the near
future, the capabilities of GW cosmological, based on the
SBBHs as the standard sirens, will be greatly improved in
the 2G detector era.
Now, we turn to the 3G detector network CE2ETD.
As anticipated, we find that the accuracies of H0 are
much better than that of the 2G detector networks. For
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30 − 30 M mergers, 66 events can be used for the param-
eter constraining, which follow the result H0 = 70.000 ±
0.008 km s−1 Mpc−1 for both cases with different prior
choices. For 10− 10 M SBBH mergers, the constraint of H0
is 70.000±0.018 km s−1 Mpc−1, derived from 65 events, which
satisfy the selection criteria. The posterior distributions in
these cases are presented in the lower left panel of Fig. 8. We
find that, even comparing with the results of 2G LHVIKCA
detector network, the uncertainty of H0 is reduced by a fac-
tor of 30. Nair et al. (2018) discussed a single ET’s accuracy
of H0 measurement. Our results are obviously better, since
the localization volumes for the CE2ETD network are much
smaller than a single ET’s.
For a given detector network, the potential constraint
on the Hubble constant depends also on the event rate of
the SBBHs. If the statistical uncertainties are dominant, the
uncertainty of H0 is proportional to 1/
√
N, where N is the
number of GW events. If assuming all GW events of SBBHs
are 30 − 30 M systems, for LHVIK network, the uncer-
tainty of H0 is about (1.0 − 3.1) km s−1 Mpc−1 in five years’
observation. For LHVIKCA network, the value reduces to
(0.18 − 0.59) km s−1 Mpc−1, and for CE2ETD network it be-
comes (0.006−0.018) km s−1 Mpc−1. However, if assuming all
the SBBH GW events are 10−10 M systems, the constraints
of H0 become slightly looser. For the LHVIKCA network, we
have ∆H0 = (0.60−1.92) km s−1 Mpc−1, and for the CE2ETD
network, it is ∆H0 = (0.013 − 0.040) km s−1 Mpc−1. These
results are all listed in the upper part of Table 6, which in-
dicate that, by identifying the host galaxy groups, the SBBH
GW events have the ability to follow the tight constraints
on Hubble constant.
Note that, in the previous work Chen et al. (2018), the
authors carried out the similar analysis to constrain the
Hubble constant by SBBH standard sirens. The difference
is that, in this paper, the authors tried to determine the
redshifts of GW events by identifying their host galaxies,
rather than the galaxy groups. The authors predicted a 20%
measurement of H0 with 30 − 30 M SBBH mergers and a
10% measurement with 10 − 10 M SBBH mergers by 2026,
where the potential observations contain one year’s LHV
O3 run, two years’ LHV at design sensitivity and two years’
LHVIK at design sensitivity. In comparison with these re-
sults, we find our results with LHVIK network are better,
which is mainly caused by the following facts: (1) In the op-
timal case, we assume all SBBHs have the same mass, which
could overestimate the merger rate 30− 30 M SBBH merg-
ers. (2) As mentioned above, in our calculations, we assume
the network run all the observation time.
5.3 Effect of weight functions
Generally, the event rate of SBBH mergers is related to the
rate of star formation, which depends on the stellar mass,
star forming gas metallicity, etc. In Cao et al. (2017), a com-
prehensive analysis of host galaxy properties of SBBH merg-
ers was presented by implementing semi-analytical recipes
for SBBH formation and merger into cosmological galaxy
formation model, and we can observe that there is a signifi-
cant relationship between the rate of events and the galax-
ies’ stellar mass. In this subsection, we will investigate the
influence of the weight function wi , which describes the pos-
sibility of the a SBBH merger occurs in this galaxy group
during the observation time, on the constraining of Hub-
ble constant. As a rough estimation, in the sample sim-
ulation and Bayesian analysis, we use the stellar mass of
group to represent the weight wi and get the posterior
probability of Hubble constant with 100 samples again.
We show our results in the right panels of Fig. 8 and in
the lower part of Table 6. Similar to the part of wi = 1,
there are four lines in each figure to represent four differ-
ent cases as mentioned above. From Table 6, we find that
for all the cases with different detector networks, the re-
sults are all very close to the corresponding cases with uni-
form weight function. For instance, if SBBH mergers are all
30 − 30 M systems, for LHVIK network, the uncertainty
of Hubble constant is ∆H0 = (0.8 − 2.6) km s−1 Mpc−1 in
five years’ observation. For LHVIKCA network, the result
is ∆H0 = (0.17 − 0.55) km s−1 Mpc−1, and for CE2ETD
network, it is ∆H0 = (0.006 − 0.018) km s−1 Mpc−1. If
SBBH mergers are all 10 − 10 M systems, we have ∆H0 =
(0.57 − 1.83) km s−1 Mpc−1 for LHVIKCA network, and
∆H0 = (0.014 − 0.045) km s−1 Mpc−1 for CE2ETD network.
In order to stabilize the constraints of H0 derived above,
we have also considered another case for cross-checking: We
seed the SBBHs randomly in groups as done by setting
wi = 1 in Sec. 5.2, but estimate ∆H0 by assuming wi is
proportional to group stellar mass. We find that, for each
detector network, the potential constraint of H0 is nearly
same with those in the two cases discussed above.
6 CONCLUSIONS
The detection of GW signals of the compact binary coa-
lescence by LVC opens a new window to understand our
universe. From the GW waveforms of these events, we could
obtain the sources’ luminosity distances, which are indepen-
dent of the cosmic distance ladder. If their redshift infor-
mation can also be obtained from observations, this kind
of GW events can act as the standard sirens to constrain
various cosmological parameters, including Hubble constant,
dark energy and so on. The reshifts of GW events can be
generally derived from the optical observation on their host
galaxies, groups, or clusters. In addition, investigation on
the properties of host galaxies can also help us to under-
stand the formation mechanism of these compact binaries.
Therefore, identifying the hosts of GW events is the key role
for these issues. For the coalescing BNSs, such as GW170817,
we could identify their EM counterparts directly by observ-
ing their EM signals in various frequency channels. However,
for SBBH mergers, we could hardly find their EM counter-
parts. So, we should search for other ways to identify their
hosts. One of the well studied methods is to localize the
host candidates of compact binaries by utilizing the spatial
resolutions of the GW detector networks, and then identify
them by comparing with the galaxy catalogs. In most previ-
ous works, the authors tried to identify their host galaxies,
and found they are hard to be uniquely determined.
In this paper, we discuss the feasibility to identify the
SBBH mergers’ host groups, rather than the host galaxies,
with help of the spatial resolution of GW detector networks.
In the current scenario of structure formation in standard
cosmological model, galaxies were formed and reside in dark
matter halos. Therefore, in comparison with the galaxy, the
MNRAS 000, 1–17 (2020)
14 J. Yu et al.
(a) LHVIK1 (b) LHVIK2
(c) LHVIKCA1 (d) LHVIKCA2
(e) CE2ETD1 (f) CE2ETD2
Figure 8. The posterior distributions of Hubble constant H0. The upper, middle and lower panels show the results of for the LHVIK,
LHVIKCA, CE2ETD network, respectively. The left panels represent the cases of uniform window function wi = 1, and the rights panels
represent the cases of wi proportion to the stellar mass of groups. In each panel, there are four lines. The green line is the result in the
case of 30 − 30 M A and the blue one is that of 30 − 30 M B (see the main text for the details). Similarly, the red line is the result in
the case of 10 − 10 M A, and the black line is that of 10 − 10 M B. Note that, green line overlaps with blue one, and red line overlaps
with black one.
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Network BH mass feffective N effective events Five-year observation
LHVIK 30 − 30 M 17% 8.1%/
√
N 1.4%-4.4%
LHVIK 10 − 10 M 3% NA NA
LHVIKCA 30 − 30 M 44% 2.5%/
√
N 0.26%-0.85%
LHVIKCA 10 − 10 M 21% 5.6%/
√
N 0.86%-2.74%
CE2ETD 30 − 30 M 66% 0.09%/
√
N 0.008%-0.026%
CE2ETD 10 − 10 M 65% 0.21%/
√
N 0.018%-0.057%
LHVIK 30 − 30 M 22% 7.7%/
√
N 1.2%-3.7%
LHVIK 10 − 10 M 5% NA NA
LHVIKCA 30 − 30 M 37% 2.1%/
√
N 0.24%-0.78%
LHVIKCA 10 − 10 M 24% 5.7%/
√
N 0.82%-2.62%
CE2ETD 30 − 30 M 63% 0.09%/
√
N 0.008%-0.026%
CE2ETD 10 − 10 M 61% 0.22%/
√
N 0.020%-0.064%
Table 6. The results of constraining the Hubble constant with different networks. The third row is the fraction of effective events in the
100 random samples. The fourth row lists the results of ∆H0/H0 as functions of the number of effective events N . The last row means
the results of ∆H0/H0 for five years’ GW observations. Note that, in upper part and lower part we consider the uniform window function
wi = 1 and wi proportional to the stellar mass of groups, respectively.
halo-based galaxy group stands for the larger physical struc-
ture in the universe. For a given GW event, its host galaxy
group is much easier, than the host galaxy, to be identified
due to the larger spatial size. In addition, identification of
host galaxy groups can partly overcome the problems due
to the incompleteness of galaxy catalog, and that due to
the peculiar velocities of host galaxies in the dark matter
halos. In our analysis, as an example of application of the
method, we consider the galaxy group catalog with redshift
interval z ∈ (0.01, 0.1) derived from SDSS DR7 data. In each
galaxy group in the catalog, we place an assumed SBBH
merger. Then, we use the Fisher matrix technique to inves-
tigate the localization abilities of GW detector networks. For
each assumed merger, we count the number of groups Nin in
its localization area to quantify the localization capabilities
of various detector networks, including the LHV, LHVIK,
LHVIKCA networks in 2G era, and the CE2ETD network
in 3G era. For each detector network, we consider two kinds
of GW sources with different masses, i.e. 30− 30 M SBBHs
and 10 − 10 M SBBHs. We find that, for the LHV net-
work, it seems difficult to identify the host galaxy group
of SBBHs. However, for the LHVIK network, the situation
becomes much better: For case with 30 − 30 M SBBHs,
the host galaxy groups of about 17% events in this redshift
range can be identified, and for the case with 10 − 10 M
SBBHs, this fraction is about 5%. In particular, if we con-
sider the contribution of two proposed 8-km detectors in
the 2G network, the fraction is increased to ∼ 60% for the
30 − 30 M SBBHs, and ∼ 30% for the 10 − 10 M SBBHs.
We also investigate the identification ability of 3G detector
network CE2ETD, which consists of one ET detector in Eu-
rope, and two CE-type detectors in the U.S and Australia
respectively, and find that the host galaxy groups of about
99% 30 − 30 M SBBHs can be identified their host groups,
while for the 10− 10 M SBBHs, this fraction is about 94%.
For each SBBH merger observed by the detector net-
work, from the redshift distribution of the group candidates,
which are in the error ellipsoid of the GW event, we can ex-
tract the redshift information of this event. Combining with
the measurement of the luminosity distance dL from the GW
observation, we investigate the potential constraints on the
Hubble constant H0 by various 2G and 3G detectors. For
each detector network, we consider two extreme cases for
the masses of the binaries, i.e. in the first case, we assume
all the SBBHs are 30 − 30 M binaries, and in the second
case, we assume that all the SBBHs are 10 − 10 M bina-
ries. Considering the event rate of SBBH mergers derived
from the current observations of LVC, we calculate the po-
tential constraint ∆H0 by the Bayesian analysis. We find
that five-year’s full time observation of 2G detector network
LHVIK can follow a constraint of ∆H0/H0 ∼ (1.4%, 4.4%)
in the optimal case of 30 − 30 M SBBHs. However, in
the other extreme case of 10 − 10 M SBBHs, the po-
tential constraint of H0 is too loose. If we take into ac-
count the two 8-km detectors, we have the constraint of
∆H0/H0 ∼ (0.26%, 0.85%) for the extreme case with only
30 − 30 M SBBHs, and ∆H0/H0 ∼ (0.86%, 2.74%) for the
case with only 10 − 10 M SBBHs. In the 3G era, if consid-
ering five-year observations of CE2ETD detector network ,
we expect to get ∆H0/H0 ∼ (0.008%, 0.026%) for the case with
only 30− 30 M SBBHs, and ∆H0/H0 ∼ (0.018%, 0.057%) for
the case with only 10 − 10 M SBBHs.
In Vallisneri (2007), Grover et al. (2013) and Rodriguez
et al. (2013), the validity of the Fisher matrix is discussed.
Fisher information matrix seems to have accuracy problems
in the prediction of observation parameters for 2G detectors,
especially for low SNR detection. In our work, we choose
z = 0.1 as the redshift cutoff, and only discuss the cases of
a network of at least three 2G detectors, which ensures that
most of our samples have a high SNR, especially for those
with low Nin. We find about 96% 10−10 M SBBH samples
with the LHV network and Nin ≤ 20 have SNR larger than
50. In the follow-up work, we will consider using more accu-
rate simulation methods to give predictions of observation
parameters.
At the end of this paper, we should emphasize that al-
though we have considered the SDSS DR7 group catalog
as an example of application, the similar analysis can be di-
rectly applied to other galaxy surveys, including DESI (Dark
Energy Spectroscopic Instrument), Euclid, LSST (Large
Synoptic Survey Telescope), CSST (China Space Station
Telescope) and so on.
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